• In this phase II trial, brivanib was well tolerated and had sufficient activity.
Introduction
Cervical carcinoma is the leading cause of cancer-related death in women worldwide. Over 500,000 new cases are diagnosed globally with 250,000 deaths per year [1] . In the United States, 12,990 new cases of cervical cancer were diagnosed and 4,120 women died from this cancer in 2016 [2] . Patients with metastatic, persistent, or recurrent cervical cancers have limited treatment choices and poor prognosis [3] . Novel treatment strategies are needed.
Angiogenic growth factors and their receptors have been identified as important regulators of the growth of cervical and other cancers [4] [5] [6] . The incorporation of bevacizumab, a humanized vascular endothelial growth factor (VEGF) neutralizing monoclonal antibody combined with chemotherapy improved the survival of advanced cervical cancer patients [7] . Fibroblast growth factor receptor (FGFR) is another significant regulator of angiogenesis and tumorigenesis that induces endothelial cell proliferation, migration, and differentiation [8] .
Brivanib is an orally administered, highly potent, selective inhibitor of VEGFR-2, FGFR-1, and FGFR-2 [9] [10] [11] . In a study of metastatic, chemotherapy-refractory colorectal cancer patients, investigators showed that brivanib improved the progression-free survival (PFS) and objective response but not overall survival (OS) [12] . In another phase III clinical trial, brivanib did not improve the OS of hepatocellular carcinoma patients [13] . In gynecologic cancer, the NRG/Gynecologic Oncology Group (GOG) investigators conducted a phase II trial in recurrent or persistent endometrial cancer and found that brivanib was associated with a 30% PFS at 6 months [14] . FGFR expression is up-regulated in cervical neoplasias. In preclinical studies, brivanib delayed the progression of cervical intraepithelial neoplasia grade 2/3 to cervical carcinoma, and inhibited tumor growth in the HPV6/E2 cervical carcinoma mouse model [15] .
Given the activity of brivanib in uterine and other cancers, we performed a phase II trial in recurrent or persistent cervical cancer patients to evaluate the efficacy and toxicity of this novel agent.
Patients and methods

Patient selection
We enrolled 31 patients, 1 was deemed ineligible and 2 did not undergo treatment. 28 patients were eligible and treated with follow-up. Patients were eligible if they had persistent or recurrent squamous cell, adenosquamous, adenocarcinoma or non-squamous cell cervical carcinoma with documented disease progression. Histologic confirmation of the original primary tumor is required via the pathology report. All patients must have measurable disease as defined by modified Response Evaluation Criteria in Solid Tumors (RECIST 1.1) [16, 17] . All patients had a GOG performance status score of 0 (fully active) to 2 (ambulatory and capable of self-care but unable to work; up and about N 50% of waking hours).
Patients must have had 1 prior systemic chemotherapeutic regimen for management of advanced, metastatic, or recurrent disease. Chemotherapy administered concurrent with primary radiation (e.g. weekly cisplatin) was not counted as a systemic chemotherapy regimen. They were allowed but not required to receive 1 additional cytotoxic regimen for management of recurrent or persistent disease. Patients must have not received any non-cytotoxic (biologic or targeted) agents; in particular, prior use of brivanib or anti-VEGF, anti-FGFR or anti-PDGFR (platelet derived growth factor receptor) therapy. Prior to registration, all chemotherapy was discontinued for at least 3 weeks, hormonal therapy for at least 1 week, and radiotherapy for at least 4 weeks. All patients had adequate bone marrow, renal, hepatic, and neurologic function.
Treatment
Brivanib (BMS 582664IND# 108417) was self-administered orally 800 mg daily (28 day cycle) until disease progression or adverse events prohibited further therapy. Dose was modified to 600 or 400 mg daily for toxicity. All adverse events were defined and graded according to Common Terminology Criteria for Adverse Events (CTCAE version 3.0). The drug was held for any grade 3 nonhematologic toxicity to allow recovery. Brivanib was discontinued for cardiac ischemia, infarction or dysfunction, hemorrhage grade 3, gastrointestinal perforation, thromboembolic events, seizures/ convulsions, reversible posterior leukoencephalopathy syndrome, posterior reversible encephalopathy syndrome or similar leukoencephalopathy syndrome.
Evaluation criteria
We assessed the activity of brivanib based on RECIST criteria prior to each cycle by computed tomography or magnetic resonance imaging at baseline, every other cycle for the first 6 months, and every 3 months subsequently.
Study oversight
The NRG Oncology/GOG designed and conducted this study. The study was approved by the research ethics board at each participating center or by a central institutional review board and all patients provided written informed consent. With reviews by the data and safety monitoring committee, the data were collected, held, and analyzed by the statistical group. The study chair vouches for the integrity of the data, analyses reported, and for the fidelity of the trial to the protocol. Representatives from the sponsors (the Cancer Therapy Evaluation Program of the National Cancer Institute and Bristol Myers Squibb) had no role in the design, accrual, management or analysis of the data. The first author, with input from all the coauthors, drafted the manuscript and made decisions regarding the publication.
Statistical analysis
Tumor response and PFS at 6 months were the primary endpoints. To evaluate these hypotheses in a 2-stage design, a method provided by Sill and Yothers was used to decide whether there were sufficient numbers of patients who were progression-free at 6 months or with objective responses to continue study in a second stage (at the interim analysis) or deem the drug worthy of further investigation [18] . The null hypothesis (H 0 ) relating to uninteresting levels of activity was determined from an analysis of historical studies in the GOG-0127 queue, whose enrolled patients were expected to behave similarly to those eligible for this study. The null hypothesis jointly specified the probability of a patient experiencing a tumor response to less than or equal to 10% and the probability of a patient surviving progression-free without non-protocol therapy for at least 6 months to less than or equal to 10%. The alternative hypothesis (H a ) is the complement of the parameter space under H 0 . An improvement in the probability of response of 15% or an increase in the probability of event free survival (EFS) at 6 months of 20% would be of clinical interest for further investigation (i.e. a 25% probability of response or a 30% probability of EFS at 6 months). Secondary endpoints were PFS and OS. Time at risk was determined from protocol entry date. Treatment related toxicities were characterized by their frequency and severity according to organ system affected. The trial was stopped early due to lack of drug availability.
Results
From April 4, 2011 to September 4, 2012, 28 patients were enrolled and evaluable (median age: 46.5 years). Patient characteristics are listed in Table 1 . Twenty-three (82%) were White, 3 (11%) Black, 1 (4%) Asian/ Pacific Islander, and 1 (4%) Hispanic. Performance status of 0, 1, and 2 comprised of 19 (68%), 8 (29%), and 1 (4%) patient(s), respectively. The majority (68%) had squamous cell histology. Eleven (39%) had primary surgery and 25 (89%) had prior radiation. Eighteen (64%) received one prior cytotoxic treatment and 10 (36%) had 2 prior chemotherapy regimens. Twelve (43%) had N 2 cycles of brivanib with 4 receiving N-10 cycles (range: [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Sixty-eight percent of patients discontinued study treatment due to disease progression, and 21% of patients discontinued study treatment due to toxicity. More than half of the patients received 2 or fewer cycles of study treatment. Four patients received N10 cycles of study treatment. Two (7%) (90% CI: 1.3%-20.8%) patients had partial tumor response with duration of 8 and 17 months. The patient with the longest response (16.5 months) discontinued the study drug after 18 courses of brivanib due to clinical progression. Twelve (43%) had stable disease. Five (18%) patients had PFS ≥6 months (90% CI: 7.3%-33.9%). The median PFS was 3.2 months (90% CI: 2.1-4.4). The median OS was 8.6 months (90% CI: 6.1-11.7) ( Table 2 and Fig. 1 ). More common grade 3 adverse events at least possibly related to brivanib were hypertension [4] , anemia [4] , hyponatremia [4] , hyperglycemia [2] , elevated liver enzymes [2] , nausea [3] , headache [2] and colon hemorrhage [1] . Grade 4 adverse events included sepsis [1] and hypertension [1] . (Table 3 ) Despite sufficient efficacy to proceed to stage 2 trial design, the enrollment was stopped due to lack of drug availability.
Discussion
Patients with metastatic, recurrent, or persistent cervical cancers have limited treatment choices and poor prognosis. Previous GOG trials of chemotherapy agents showed response rates of b 30% and 6 month PFS of b25% in this patient population [19] [20] [21] [22] [23] [24] [25] . Thus, options for treatment of recurrent and metastatic disease are limited and novel therapies are warranted.
Biologic agents for the treatment of gynecologic and other cancers have received significant attention. In particular, the use of antiangiogenic therapies has shown significant promise in early clinical trials [26, 27] . Tewari et al. incorporated bevacizumab, a humanized VEGF-neutralizing monoclonal antibody against VEGF in combination with chemotherapy and showed an improvement in OS in advanced and recurrent cervical cancer patients enrolled in a randomized phase III clinical trial [7] . This study led to the first FDA approval of a biologic agent in patients with advanced and recurrent cervical cancer. Today, bevacizumab combined with chemotherapy is used in first-line treatment of recurrent and metastatic disease in the US. In a recent phase II randomized clinical trial from United Kingdom, Symonds and colleagues showed that cediranib, a tyrosine kinase inhibitor of VEGFR1, 2, and 3, combined with paclitaxel and carboplatin in metastatic or recurrent cervical cancer patients improves progression-free survival [28] . However, most of the patients enrolled in these trials were in the front line setting. Thus, there is an unmet need for patients who have not responded or progressed subsequent to front line treatment particularly after anti-vascular therapy plus chemotherapy.
In this current study, brivanib was administered to predominantly patients with second or third recurrences. In fact, 18 (64%) patients received one prior cytotoxic treatment and 10 (36%) had 2 prior chemotherapy regimens for their recurrent disease. In this group of pretreated patients, the typical responses in the second-line setting with chemotherapy are poor. It is encouraging to find that brivanib resulted in a clinical benefit on 50% of patients, 2 (7%) partial responses with duration of 8 and 17 months and 12 (43%) with stable disease. In another phase II study of advanced and recurrent cervical cancer patients after at least one prior regimen, Monk et al. showed that pazopanib improved PFS and OS, confirming the activity of anti-angiogenesis agents in these patients [29] . On the other hand, it is important to note that all patients enrolled in these two trials excluded those who have been exposed to any non-cytotoxic (biologic or targeted) agents; in particular, prior use of anti-VEGF, anti-FGFR or anti-PDGFR (platelet derived growth factor receptor) therapy. During the initial design and enrollment of this trial, bevacizumab was not FDA approved. Today, most recurrent cervical cancer patients will have been treated with bevacizumab; thus, it remains to be determined if brivanib or pazopanib will have significant clinical benefit in those after anti-vascular therapy.
Fibroblast growth factor (FGF) is significant regulator of angiogenesis and tumorigenesis that induces endothelial cell proliferation, migration and differentiation. FGF signaling regulates tumor growth and vascularization and partly mediates anti-angiogenic escape from VEGF receptor inhibitors [5] . A highly potent, selective inhibitor of VEGF and FGFR, brivanib demonstrated significant activity in early clinical studies in solid tumors [9] [10] [11] . In a phase III study of metastatic colorectal cancer patients, brivanib was associated with an improved PFS [12] . However, brivanib did not improve the OS of patients with un-resectable, advanced hepatocellular carcinoma [13] . In gynecologic cancer, the NRG/GOG conducted a phase II trial in recurrent or persistent endometrial cancer and found a 30% PFS at 6 months [14] . In this current report of recurrent and metastatic cervical cancer patients who relapsed on chemotherapy, the PFS ≥ 6 months at 25% in this heavily pretreated group of patients. These results are particularly encouraging given that over onethird of women progressed after two prior lines of chemotherapy.
Based on prior studies on various chemotherapy regimens in these patients, the response rates range from only 10 to 20% [19] [20] [21] [22] [23] [24] [25] . With biologic regimens, the 6 month PFS endpoint has been used as a measure for activity. After a phase III randomized trial, the FDA approved the anti-vascular agent, bevacizumab in combination with chemotherapy for recurrent and metastatic cervical cancer. A prior phase II trial with bevacizumab as a single agent showed a 24% PFS at six months [26] . Brivanib has comparable results with 6 month PFS of 25%. Other biologic agents such as erlotinib [30] , cetuximab [27] , and temsirolimus [31] have 6 month PFS of 4%, 14%, and 28%, respectively. The activity of oral brivanib was comparable to other biologic agents in recurrent cervical cancer patients. (Table 4 ) However, it is unclear if anti-VEGF/FGFR is better than anti-VEGF alone in advanced cervical cancer. In phase II trials from the GOG on uterine cancer, the PFS of those who received brivanib compared to bevacizumab appears comparable [14, 32] .
Similar to other tyrosine kinase inhibitors targeting VEGF, such as sunitinib and sorafenib, we also observed comparable adverse events associated with brivanib including hypertension, hypothyroidism, and proteinuria [33, 34] . However, unlike other tyrosine kinase inhibitors, hyponatremia appears to be an adverse event distinctly associated with brivanib. This finding has been reported in other studies on hepatocellular and colorectal cancer patients [35, 36] . There were no treatment-related deaths reported during the period of active treatment or within 30 days of last study treatment. Compared to bevacizumab, brivanib has the advantage of being an oral therapy. Given the results of this study, further validation of it clinical activity and toxicity in a phase III trial is warranted.
Although the first stage results demonstrated sufficient efficacy to continue to second stage of accrual, this trial will not proceed to the second stage because of lack of interest by the company to further develop this agent based on randomized clinical trials results in other cancers. Nevertheless, other FGF inhibitors are currently under investigation such as nintedanib and dovitinib. Nintedanib was approved in the European Medicines Agency for advanced lung adenocarcinoma and RR = response rate, PFS = progression-free survival. VEGF = Vascular endothelial growth factor, EGFR = Epidermal growth factor receptor, PDGFR = Platelet-derived growth factor receptors, FGFR = Fibroblast growth factor receptor, HER2 = human epidermal growth factor receptor 2, mTOR = mammalian target of rapamycin complex. GOG = Gynecologic Oncology Group, GSK = GlaxoSmithKline.
approved by the United States FDA for slowing the progression of idiopathic pulmonary fibrosis [37, 38] . Other studies have shown that this FGF inhibitor is active in advanced renal cell cancer patients; however, the GOG study found that it lacked sufficient activity in recurrent or persistent endometrial cancer [39, 40] . In advanced or recurrent cervical cancer, the European Network of Gynaecological Oncological Trial Groups and Belgium and Luxembourg Gynaecologic Oncology Group is currently comparing carboplatin plus paclitaxel with or without nintedanib. Another FGF inhibitor, dovitinib, was found to be active in progressive renal cell cancer following VEGFR tyrosine kinase inhibitors and mTOR inhibitors [41] . In addition to identifying more specific and effective FGF inhibitors in cervical cancer, novel biomarkers are needed to identify those patients who are more likely to respond to these agents.
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